INTRODUCTION
Maximum overpressures developed in internal explosions have been the object of study by the Naval Postgraduate School (NPS) for a number of years. Previous reports have appeared on the effects with a variety of C-H-N-O fuels in air' and for magnesium alone, 2 as well as magnesium-fuel mixtures in air.
The present study represents the extension of this effort to the adiabatic properties of the internal explosions of aluminized fuels in air.
Computations have been carried out using the HP 9845 computer. The expanded capability, relative to the WANG 720C used in the earlier work,'
3 has permitted a much more detailed and precise analysis of this system, in spite of its considerably greater complexity.
Aluminum and fuel are considered to be introduced at 25 0 C into the air volume at I atmosphere. It is assumed that combustion is so rapid that the process can be treated as adiabatic and that the products are distributed uniformly throughout the volume, which is considered constant. The volume of condensed phases is neglected.
The fuels considered are listed in Table 1 , along with their chemical formulas and a few pertinent properties. The "relative oxygen content" given in the last column is a rough means of comparing the fuels with one another. It is used as the ordinate in several of the figures.
In all the following, the symbol C will represent the charge, or the mass of fuel, per cubic meter of air and M, the mass of metal (aluminum) per cubic meter of air. Charge-tometal (C/M) ratios and total concentrations (C + M, in kilograms per cubic meter) were varied over the range 0.1 to 10 for each.
In several of the tables a code has been used to indicate the condensed phases present in the final system. The key to this code is given in Table 2 . Again, in most of the figures, the curves have been dotted in those regions where aluminum nitride (AIN) solid is present, From the First Law of Thermodynamics it follows that for an adiabatic, constantvolume, nonflow process there must be no net change in U, the internal energy; or the internal energy of all the products at the adiabatic flame temperature, T, must equal that of the reactants at entering conditions. For each component in the mixture of the products, using the ideal-gas assumption throughout,
where CV is the heat capacity at constant volume. For U 2 9 8 the customary thermochemical convention may be chosen of using the internal energy of formation at 298 K. The latter is defined as the internal energy change for the synthesis of the substance considered from the elements in their stable states at the given temperature (298 K). Of the reactant materials, all but the organic fuel are elements in the stable state at 298 K, and thus the initial internal energy is just equal to the internal energy of formation of the fuel, AUf, at 298. Hence, the adiabatic-isochoric condition may be written:
iT f the index, i, applying to all the product species.
A temperature must be found for which this criterion is met; it may then be identified as the adiabatic flame temperature. The pressure in the system is then calculated from the ideal gas law:
in which n i is the mole number for the ith product component, considering only the gaseous products, V the total volume (I cubic meter) and R the universal gas constant. The overpressure is found by subtracting I bar.
Thermochemical data are represented by a five-parameter expression (of somewhat different form than was used previously'):
Data were fitted to this equation using a nonlinear regression procedure originally designed by Dr. W. M. Tolles.
5 Table 3 gives the internal energy parameters for the products Condensed: AI(), Al 2 0 3 (1 or s), AIN(s), AI 4 C 3 (s), C (graphite).
Using the computational scheme described below, in an abbreviated version, the following species were eliminated as never reaching an appreciable amount under any of the conditions to be anticipated: AIHO, AIHO 2 , AJ202, C(g), C2, C20, C 3 02.
Ion formation was also looked for in the same way. It was realized at once that simple equilibrium ionization to produce appreciable electron concentrations would not occur, even at 4500 K (the highest computed temperature). But ions might be formed in pairs by thc exchange of an electron between neutral species. It was concluded, ire this preliminary screening, that there was the possibility of producing AI+ and CN-at high temperatures and under ideal stoichiometries.
A comment should be made regarding the vaporization of the condensed phases. At the temperatures considered, liquid aluminum is fairly volatile, and aluminum vapor is thus considered as one of the important species. The vapor pressures of AIN(s) to AIN(g) or of C(s) to either C(g) or C 2 (g) are too small to be of significance; C 3 (g) was included in the scheme, though no system was found in which an appreciable amount occurred. A1 4 C 3 is unstable, relative to the elements, above 2700 K. As far as is known, A1 2 0 3 does not exist as such in the vapor phase, rather, A1 2 0 3 undergoes equilibrium dissociation at high temperatures into a complex mixture including A1 2 0, AIO, 0, etc.
EQUILIBRIUM DATA
For each species there exists at every temperature the equilibrium constant of formation, i.e., the equilibrium constant for the synthesis of I mole from the elements in their standard states. Standard states chosen for this purpose are: Al(g), C(s), H2(g), N2(g), O2(g). Data were taken from the JANAF Tables  6 and fitted 
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using the nonlinear regression scheme.' For aluminum compounds below 2700 K, which is the boiling point of the metal, the JANAF data must first be recalculated to account for the change in standard state from liquid metal used in the tables to the vapor as used by us. Table 4 gives the parameters for the equilibrium-constant equation (Equation 5).
In application, the formation constants must also be converted from K (that is, in terms of pressures) to Kn (in terms of mole numbers). At the beginning of any computation at a new temperature, this conversion is carried out from the relation
where Aln is the change in number of moles of gas for the synthesis reaction. Then for any species the mole number is given as a known function of the Kn of formation of the mole numbers of Al, H2, N 2 and 02, and of the activity of carbon (standard state, graphite).
The activity concept is discussed in Appendix A. Logarithm (base 10) of the formation constant of the indicated substance, expressed as a function of 7, the absolute temperature in kilokelvins (r" = T/1000): LOG(10) K = Al + A2/(A3 + 7) + A4r. Substances are gaseous unless otherwise specified.
NWC TP 6287 EQUILIBRIUM CALCULATIONS
For argon the mole number is always 0.4036, the number of moles in I cubic meter of standard air at 298 K, I bar. For each of the remaining five elements a material balance equation may be written, representing the conservation of the number of atoms of the element. Each mole number is a function of those of the elements in standard states and of the activity of carbon; hence five simultaneous nonlinear equations in five unknowns are obtained.
The number of simultaneous equations that must be considered is reduced whenever a condensed phase is present, since each condensed phase introduces a new restriction. It has been found that, in all cases which are terminal states for an adiabatic process of the type considered, there is at least one condensed phase (most commonly Al120 3 ) and sometimes more, up to as many as four in one case. In brief, then it becomes necessary to solve a system of from two to four simultaneous nonlinear equations. For this purpose the NewtonRaphson method was used, as outlined in Appendix B.
Initial approximations for entering the computational scheme are obtained by first assuming that liquid aluminum plus condensed A1 2 0 3 are present, from which case fairly simple iterations, based on chemical stoichiometric considerations, lead to solutions to the equations without requiring the formal Newton's method calculations. Tests are then made for the actual presence of these two phases: If both are present, the calculation stands; if either is absent, the Newton's method is initiated, using as initial approximations those mole numbers found from this first calculation. Typically, three to six iterations are made in each use of Newton's method. Further detail on the computational scheme is intended for a forthcoming report.
RESULTS
For all the systems studied, a large number of properties at the adiabatic condition were found. These include adiabatic temperature and overpressure (which are reported for each case) and product yields, heat capacity, and isentropic coefficient (some representative values of which are reported). Total concentration (metal plus fuel) was varied regularly over the range 0.10 to 10.0 kg/in 3 . For the metal-fuel-air systems C/M was varied systematically also from 0. 10 to 10.0. Table 2 gave the key to the condensed phases present, as used throughout Tables 5 through 7. In Table 5 are given overpressures (bars), adiabatic temperatures (K), and product yields in mole % for "pure" aluminum in air.* In Table 6 adiabatic temperature and overpressure are given for each of the eight chosen fuels in air, but in the absence of metal."* *Because of limitations in the structure of the computer program, these calculations had to be run for Al + 0.01%, C. This trace of carbon is quite trivial to the computed results. ** For this purpose a simplified program was used, constructed with the aid of Kcnneth J. Graham, Naval Weapons Center, in which all reference to aluminum was omitted. Table 7 gives overpressure in bars, with the temperature in parentheses for the aluminumfuel-air mixtures. Each portion of' the table is devoted to a particular fuel and the fuels are arranged from the most oxygen-deficient, ethylene oxide, to the most oxygen-rich, PETN. In all the following, C refers to the concentration of fuel ("charge") and M to that of metal, in kilograms per cubic meter. C/M thus represents the charge-to-metal ratio and C + M the total concentration, in kilograms per cubic meter. Again for each table entry is a code indicating the condensed phase or phases present as indicated in Table 2 . Table 2 for condensed phases code.
In Table 8 is given the set of product yields for the TNT-aluminum-air system at C/M = 1.0, chosen as representative. Mole % in the vapor is given for all components that reach at least 0.1% at some point. Numbers of moles of condensed phases are also provided Also given are CV, the specific heat capacity at constant volume, in kJ/kg/K and an isentropic parameter X, defined such that TVI is constant for an isentropic process of small displacement. Computation and significance of CV and X are discussed in Appendix C. It should be added that product-yield data and values of CV and X are available for all the systems run but have not been included in this report due to the bulk of data involved. Table 5 , as remarked, gives the data for aluminum-air mixtures. It is noted that temperature vs concentration shows a maximum at 0.4 kg/m 3 . This corresponds reasonably well with the notion that at 0.305 kg/m 3 , aluminum and oxygen are present in stoichiometrically equivalent amounts to form A1 2 0 3 . Beyond this point, to an increasing extent, A1 2 0 3 () is being converted to A1 2 0(g) by the endothermic (energy-absorbing) reaction
DISCUSSION

PURE ALUMINUM IN AIR
The drop in temperature is arrested when aluminum nitride begins to form. This exothermic process,
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is not possible until the free oxygen has been consumed in the formation of aluminum oxide. The final drop in temperature at the high-concentration end is the result of the appearance of liquid aluminum metal in large quantities, which serves as an energy sink due solely to its heat capacity.
The curve of total pressure vs concentration, as shown subsequently, is labeled "('/M = 0." At low concentrations the pressures reflect the corresponding temperature
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effects, but beyond the equivalance point (0.3 kg/m 3 ) the pressure does not change as much as the temperatures might suggest, largely a result of the increased number of moles of gaseous AhO. At the high-concentration extreme the surprising circumstance is noted that the total pressure drops to less than atmospheric (resulting in a negative overpressure). At this point only about 1% of the material present is in the gas phase.
TEMPERATURE AND PRESSURE IN ALUMINUM-FUEL-AIR MIXTURES* Figure 1 shows temperature vs total concentration (C + M) for two representative C/M ratios for TNT (an oxygen-deficient explosive) and PETN (an oxygen-rich explosive). For the most part, the maximum in temperature occurs fairly close to the equivalence point for the formation of A1 2 0 3 + CO + H 2 + N 2 (marked E on the curves) and for approximately the same reason as with aluminum itself. But for PETN of low aluminum content large C/M (and the same is observed for other oxygen-rich fuels)-no maximum is observed even though the systems become oxygen-deficient at high concentrations. There is sufficient oxygen in the fuel so that as C + M increases the principal effect is the exothermic production of A1 2 0 from its elements. This results in a slowing of the temperature rise, since the process is less exothermic than the formation of A1 2 0 3 , but sufficient so as to overcome the energy-wasting production of H 2 . The lower right-hand part of the figure, shown by dotted lines, is that where AIN is present.
The pronounced dependence of total pressure on total concentration is shown in Figure 2 , for TNT at two different CIM ratios. These curves are explainable on the basis of the temperature effects just discussed, taking into account the increased production of gaseous products (CO. H 2 , and A1 2 0) at higher concentrations. Table 8 shows this effect, especially if one multiplies the mole %s by the total mole numbers. It is interesting to note, by comparison with the temperature effects in Figure 1 , that at high concentration the overpressure continues to rise rapidly at C/M = 2 but not for C/M = 0.25, even though the temperatures behave similarly in this region (where AIN is the condensed phase present). For comparison purposes the curves for pure TNT (C/M = oo) and also for pure Al (C/M = 0) which was discussed earlier are included in the figure.
The effects of C/M ratio on temperature and overpressure are shown in Figure 3 for PETN at two different total concentrations. Curves for other fuels will differ only in details. The decrease in temperature as C/M increases at low concentration (C + M = 0.2 kg/m 3 ) is characteristic of the oxygen-rich regime. Aluminum has a higher heating value (ca 31 kJ/g) than any of the fuels considered here; thus, replacing aluminum by fuel, as C/M is increased, would result in a lowering of temperature. (A hydrocarbon, however, would have shown the reverse trend.) At the higher concentration the mixture is oxygen-deficient for small values of C/M; increasing the content of PETN (or other explosive fuel) improves the oxygen balance and the temperature is seen to rise to a maximum; this maximum in many cases, but not all, corresponds closely to the equivalence point (A1 2 0 3 + CO). The pressure effects seen in Figure 3 parallel at least qualitatively those of temperature, though the pressure maximum at C + M = 2.0 kg/m 3 is very shallow.
The effect of different fuels is given for a variety of total concentrations, all atC/M = 1.0, for the temperature in Figure 4 and for overpressure in Figure 5 . The ordinate for these plots is the relative oxygen content (ROC) defined previously 3 as the number of oxygen 3 ) all the systems are oxygen-rich. The additional oxygen supplied by the fuels of higher ROC is thus a liability: which is to say that the heating value per unit mass decreases as the oxygen content increases. Even at C + M = 0.4 kg/m 3 the C'2140-Al-air system is somewhat oxygen-deficient, resulting in the drop in temperature from TNT to ethylene oxide along this curve. At the higher concentrations the systems are mostly oxygen-deficient, and increasing the oxygen content alleviates this somewhat, resulting in generally increasing temperature with ROC. The irregularity between nitrocellulose and RDX (11MX is virtually identical in behavior to RDX) is presumably the result of the positive energy of formation of RDX (I l I kJ/mole) contrasted to the considerable negative energy ot formation of nitrocellulose (-813 ki/mole).
"lhc pressure effects, in Figure 5 . are much less striking, albeit parallel. In particular can be noted the lowered pressure for oxygen-rich fuels at low concentration and the enhanced pressure for PETN, relative to all the others, at high concentration.
CONDENSED PHASES
It is ,tuitc citcnt, from an examination of the tables and figures. that the nature of lie cOnLlensed phases present can make profound alterations in the way in which adiabatic In Figure 6 is shown approximately the regions where various condensed phases exist under adiabatic conditions for the TNT-aluminum-air system.* Other fuels will resemble TNT qualitatively, but the regions will be skewed at high C/M values according to the oxygen content. For example. AIN is restricted to the lower right-hand 207 of the diagram for PETN.
it may be considered that, as C + M is increased, the effect is that of adding the elements as Al(l). C(s), H2, N-. and 01; any oxygen-deficiency will be enhanced as C + M is increased, thus making it easier for AIN to be formed. Exothermic processes will tend to raise the temperature, and thus the pressure. Endothermic processes clearly lower the temperature, but so also do energetically neutral ones, such as the production of Hi as a product (as occurs in the AIN regions), because, as remarked earlier, energy must be supplied to bring the H-) to the prevailing temperature.
A more conventional isothermal phase-cquilibrium diagram can also be constructed. Actual calculation has shown that the isothermal diagram at 3000 K differs only in detail from Figure 6 -notably in reduction of the zone where both AIN and AI20 3 are to he found. The effect on pressure is yet more complex, since it depends not only on temperature but also on the total number of moles of gas. Examined below are several important reactions which account for phase changes when C + M is increased. It may be noted that for each case, because of conflicting effects, it is not possible to predict the pressure effect.
1. Simple production of aluminum nitride:
The reaction is strongly exothermic (though less so than the production of A120 3 ) and thus increases the temperature. The number of moles of gas decreases.
2. Production of aluminum nitride at the expense of aluminum oxide:
This reaction is endothermic but increases the number of moles of gas. A curious feature of Figure 6 is the "reappearance" of A1 2 0 3 in the extreme lower right-hand corner. It is instructive to examine the point (C/M =0. 1, C + M = 10 kg/rn 3 ) for all the fuels run, as shown in Table 9 . It appears that the presence or absence of A1 2 0 3 0l) is governed entirely by the equilibrium The formation-constant data are also used to compute the number of moles of A1 2 0 gas in equilibrium with the two liquids at several temperatures: 2500 K (13.4 moles); 2600 K (22.2 moles): 2700 K (35.0 moles). Thermodynamic principles require that the actual number of moles of AI2O may not exceed the equilibrium value; if smaller than the equilibrium value, then equilibrium is not established and, for this case of large excess of aluminum, the AI20 3 must disappear.
The oxygen present in these systems is. for all but the last two cases, converted first to CO. then to AI2O. First assuming no A1 2 0 3 is formed. the mole number of A120 = a O -aC (moles of oxygen atoms less moles of carbon atoms in the mixture). If a O -a C < (AI2O)eq (the equilibrium value at the adiabatic temperature), then A1 2 0 3 will not be observed. Such is the case with HMX and RDX at ca 2700 K. PETN is so oxygen-rich that even at 2700 K. AI20 3 would form; with nitrocellulose, pentolite, and Comp B, the adiabatic temperature is significantly lower, so that again ao -aC exceeds (AI20)eq The cases of RDX and HMX are thus another result of the considerably positive energy of formation.
The very oxygen-deficient TNT and C 2 H 4 0 show another feature altogether. Here the temperature is so low and the carbon content so high that it is possible for A1 4 C 3 to be produced. As a result there is made available considerable oxygen that would otherwise have been used in formation of CO, and once again A1 2 0 3 can be produced. (In the isothermal diagram for TNT at 3000 K, cited in the footnote on page 2 1, Al20 3 is not seen.)
COMMENTS ON THE APPROXIMATIONS
The assumption that the process is adiabatic implies negligible energy losses due to radiation, conduction, and convection from the moment of initiation to the establishment of thermodynamic equilibrium. Of these, the losses due to radiation seem the more likely, NWC TP 6287 because of the very high temperatures involved. A recent study by LCDR D. E. Smith"
indicates, however, that where detonation has occurred the energy loss due to radiation will amount to less than 1/2% of the energy liberated isothermally. The model assumes blackbody radiation, an assumption which is supported in the treatment, and considers the time for radiation to be no greater than 20 times the time required for arrival of the detonation front to the surface of the container.
Where deflagration is the sole combustion process, radiation effects may be expected to be considerable. Some consideration of this point has been made in the study of nonmetallized fuels by Kinney, Sewell and Graham.'
The ideal gas assumption is very good where the permanent gases are concerned: CO and H-, are at temperatures one to two orders of magnitude greater that the critical temperatures, and maximum pressures are at most a few times the critical value. Since metallic aluminum is in the two-phase region, appreciable deviation from ideality must be considered; its critical temperature seems not to be known, but a rough guess of 5000 K would indicate a severe .Ieparture from ideality in these systems.
It is intended to address the question of corrections for nonideality at a future stage of the project. The effects of pressure on the apparent equilibrium constants as well as the effects on computation of the final pressure must be taken into account. where the f's are the fugacities and the approximation to partial pressure assumes ideal-gas behavior, the superscript 0 refers to a standard state which may be chosen arbitrarily. Most commonly the standard state is that of unit fugacity for gases (whence activity is approximated by the partial pressure) and for the pure phase where condensed phases are concerned. In addition. reference states are commonly used in thermochemistry and thermodynamics, usually selecting the stable form of the element. bearing in mind that the reference states for hydrogen, nitrogen and oxygen are the diatomic gases.
In thermodynamic tables, such as the JANAF Tables, the reference state is commonly taken as the phase stable at the temperature of concern, and the standard state will change accordingly. Thus, for metallic aluminum the standard state is the pure liquid between the melting point (933 K) and the normal boiling point (2767 K) and is the state of unit fugacity above that temperature. This change in standard state leads to a discontinuity in the slope of the equilibrium constants and would require a different empirical equation to fit the data below 2767 K than above. It was thus felt to be far more convenient to select aluminum vapor at unit fugacity as the standard state throughout. This choice did, however, require recaiculation of some of the JANAF formation-constant data before fitting. Since aluminum vapor was frequently an important component of the gaseous products, the choice was quite a reasonable one.
In the case of carbon, however, it scarcely seemed appropriate to select any of the gaseous elemental species (C, C 2 , or C 3 ) as the standard state, since this would require recomputing all of the data on carbon compounds; and, moreover, since the activity of carbon becomes very small at low temperatures in the presence of excess oxygen. it is entirely possible that the amount of gaseous carbon would be in error on account of computational underflow. (The HP 9845 cannot treat numbers less than 10-99.) Graphite was therefore NWC TP 6287 selected as the standard state. The activity now possesses a peculiar quality: if graphite is present, aC = 1; if it is absent, however, it is not true that aC is zero, nor is it undefined. Consider the following: aC0 2 = KC0 2 aCa02 (A-3)
When graphite is present, aco 2 depends on ao 2 (or vice versa). But if graphite is not present and both aco 2 and ao 2 are known (as is the case when a fuel is burned in a large excess of oxygen) the activity of carbon is given by a C = aCo 2 / (Kco 2 a 0 ) (A-4)
This concept has been used throughout, and it has proved a useful one.
In this case each fi represented the error in the material balance for an element. Iteration was continued until the error for each element was no more than one part in 10 4 , relative to the total amount of the element present.
